Abstract: Levan is a bacterial homopolysaccharide, which consists of β-26 linked β-(D)-fructose monomers. Because of its structural properties and its health promoting effects, levan is a promising functional ingredient for the food, cosmetic and pharma industry. The properties of levan have been reported to be linked to its molecular weight. For a better understanding of how its molecular weight determines its polymer conformation in aqueous solution, levan produced by the food grade acetic acid bacterium Gluconobacter albidus TMW 2.1191 was analysed over a broad molecular weight range using dynamic and static light scattering and viscometry. Levan, with low molecular weight, exhibited a compact random coil structure. As the molecular weight increased, the structure transformed into a compact non-drained sphere. The density of the sphere continued to increase with increasing molecular weight. This resulted in a negative exponent in the Mark-Houwink-Sakurada Plot. For the first time, an increase in molecular density with increasing molecular weight, as determined by a negative Mark-Houwink-Sakurada exponent, could be shown for biopolymers. Our results reveal the unique properties of high-molecular weight levan and indicate the need of further systematic studies on the structure-function relationship of levans for their targeted use in food, cosmetic and pharmaceutical applications.
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Introduction
Fructans are synthesized by a variety of plants and microorganisms. In plants, short chain fructans serve as carbohydrate storage and protect against cold and dry stress (Pollock, 1986) . scattering. Therefore, the extinction coefficient can also be considered as a measure of the turbidity of levan solutions. In addition to the quantities given in Beer-Lambert law, the extinction coefficient depends on the colloid size and the difference in refractive index between colloid and solvent.
Viscometry (Intrinsic Viscosity and Huggins Coefficient)
The reduced viscosity ηred can be deduced from the solvent η0 and solution viscosity ηs and describes the contribution of a dissolved polymer to the total viscosity of the solution. In nonelectrolytic polymer solutions, it can be represented by a series in powers of concentration c (Huggins, 1942) : 
The intrinsic viscosity is a hydrodynamic parameter that reflects the volume occupied by a given polymer mass. It depends on the size and conformation of the polymer chain. The intrinsic viscosity corresponds to the y-intercept of the Huggins equation
and is determined by extrapolating ηred to zero concentration. The Huggins coefficient is related to the slope of the Huggins equation. In the literature, kH is used to describe the nature of interactions or the affinity in a polymer-solvent system. Therefore, it is used as a measure of solvent quality: the better the solvent quality the lower the kH value. In a good solvent, the polymer-solvent interactions dominate the system and kH attains a value around 0.3. At theta conditions, polymer-polymer and polymer-solvent interactions are equal and kH is about 0.5 -0.7. In most cases, kH is independent of the molecular weight, however kH was reported to be sensitive to molecular association (Sakai, 1968; Schoff, 1999) . A molecular weight dependency can occur for the kH of polymers that readily associate via ionic or polar interactions or through hydrogen bonding (Dort, 1988 ). An overview of the Huggins constant for biopolymers is provided 
Where k is the Bolzmann constant and T is the temperature. Assuming the polymer has a spherical shape, the hydrodynamic radius can also be calculated from the intrinsic viscosity and molecular weight M. 
Multi Angle Laser Light Scattering
Multi angle laser light scattering (MALLS) allows the determination of molecular weight, the radius of gyration RG and the second osmotic virial coefficient A2. The ZIMM notation based on the Raylight-Debey-Gans light-scattering model offers the basis for the evaluation of light scattering data (Wyatt, 1993) .
where Rϴ is the Rayleigh ratio as a function of scattering angle ϴ. The angular dependence of the scattered light Pϴ is related to the radius of gyration. The first order expansion of Pϴ and the optical parameter K* are given by (Wyatt, 1993) :
,
where n0 is the refractive index of the solvent, λ0 is the wavelength in vacuum of the incident light and dn/dc is the refractive index increment. To analyse the scattering data, K * c/Rϴ is plotted against sin 2 (ϴ/2) (ZIMM-Plot). From the slope of the linear extrapolation to the zero angle one obtains the radius of gyration and from its intercept with the y-axis the weight average molecular mass.
If particles are significantly smaller than the wavelength of the light, they scatter the light isotopically and K * c/Rϴ is linear over the entire angular range. For particles whose size is in the range of the wavelength or above, non-linear scattering occurs. The curvature of these functions depends on the particle size and the particle shape and is reflected in the angular dependence of Pϴ. In order to account for this dependency when extrapolating to zero angle, it may be necessary to adjust the theoretical expressions accordingly. Therefore, in addition to the ZIMM-model, sin 2 (ϴ/2) is also frequently fitted against Rϴ/K * c (Debey-model) or (Rϴ/K * c) 1/2 (Berry-model) to determine the molecular weight or the radius of gyration. In addition to these models, which are independent of the polymer conformation, models that presuppose a polymer structure have been developed. The following equation describes the angular dependence of scattered light for a model assuming a spherical confirmation (van de Hulst, 1957).
In contrast to the conformation-independent models, the spherical model determines the geometric radius Rgeo instead of the radius of gyration. The geometric radius describes the actual spatial dimension of a spherical molecule while the radius of gyration represents the mean distance of the individual mass segments of a polymer to its centre of gravity.
Molecular Conformation and Shape of Macromolecules
The various measures describing molecular size obtained by the methods discussed above, can be related to each other to determine the conformation and shape of a macromolecule.
Using MALLS, the weight average molecular weight (Mw) and the number average molecular weight (Mn) can be determined. The quotient of Mw/Mn defines the dispersity index PDI. The PDI is a measure of the width of a molecular weight distribution.
Monodisperse samples have a PDI of 1. Because the distribution of polysaccharides is usually not monodisperse, the PDI is > 1 and increases as the molecular weight distribution broadens.
The hydrodynamic radius RH of a polymer is an apparent measure and corresponds to the radius of an equivalent hard sphere with the same diffusion properties as the observed macromolecule. Therefore, the value of the hydrodynamic radius and the geometric radius is essentially identical for compact, spherical macromolecules. For polymer conformations that differ from the compact spherical shape, the values of hydrodynamic and geometric radius are different (Pecora, 2000) . The radius of gyration RG specifies the mean distance between the individual polymer segments of a molecule and its centre of mass. The ratio of the radius of gyration and hydrodynamic radius provides information about the investigated polymer's shape. In theory, RG/RH for a compact sphere is 0.775 while less compact polymers exhibit a higher RG/RH.
According to Nilsson (2013) , RG/RH for linear random coils under theta conditions is 1.5 and in good solvents is 1.78. A listing of RG/RH values for some polysaccharides can be found in the publication by Nilsson (2013) . A similar quotient can be defined for the hydrodynamic and the geometric Radius (RH/Rgeo). In a non-drained sphere, the hydrodynamic radius and the geometric radius are equal and therefore RH/Rgeo is 1 (Pecora, 2000) . In a less compact polymer, the solvent can permeate through the coil resulting in different diffusion properties including a decrease in the hydrodynamic radius which makes it virtually smaller than the geometric radius. Considering this behaviour, RH/Rgeo decreases with increasing polymer density.
The conformation of polymers can be analysed by linking the radius of gyration with the molecular weight (Nilsson, 2013) .
The constant kG depends on the polymer and solvent. The hydrodynamic coefficient νG depends on the spatial structure and density of the macromolecules. For a compact sphere νG is 0.33, for a random coil 0.5 -0.6 and for a rod 1 (Nilsson, 2013) . A smaller νG can be interpreted as to reflect a more compact (denser) molecule structure. The
Mark-Houwink-Sakurada relation (Eq. 11) is the equivalent to equation 10 (Teraoka, 2002).
Instead of the radius of gyration, the intrinsic viscosity is plotted against the molecular weight. The constant kη, depends, like kG, on the polymer-solvent system. The MarkHouwink-Sakurada exponent α gives information about the molecule structure. A compact sphere has an α of 0. Under theta conditions, α for a linear random coil is 0.5 and for a rod it 1 (Teraoka, 2002). Both exponents, νG and α, are linked by the following equation (Öttinger, 1996) .
Material & Methods

Cultivation and Levan Production
The acetic acid bacterium Gluconobacter (G. To obtain a preculture, a single colony of G. albidus was transferred into a 500 ml
Erlenmeyer flask containing 50 ml of NaG medium and cultivated overnight at 30 °C and 200 rpm in a rotary shaker to an optical density of approximately 2.5.
Fermentative Levan Production
After pre-cultivation, the microorganisms were centrifuged for 5 min at 5000 g and resuspended in 5 ml of fresh sucrose-containing NaG medium. 1 ml of this suspension 
Enzymatic Levan Production
The treatment of the preculture and inoculation of the working culture was carried out using sucrose-free NaG medium, as described in 3.1. sucrose was added to the enzyme-containing buffer. The subsequent levan production was performed at 30 °C for 24 h. The separation of the levan from the buffer and the purification were carried out as described in 3.1.1. Levan produced using levansucrase containing, cell-free supernatants is abbreviated to Lev4 and Lev5 (4 and 5 in reference to the pH of the used sodium acetate buffer during cell-free levan production).
Gradual Ethanol Precipitation
For each levan, 4 to 7 fractions were obtained by gradual ethanol precipitation. 10 g of each levan were dissolved in 500 mL of distilled water and stirred overnight at 4 ° C.
Afterwards, ethanol was added slowly while continuously stirring until a change in turbidity indicated that the levan had precipitated. Subsequently, the precipitated levan was separated from the solution by centrifugation (10000 g, 30 min, 4 °C). This procedure was repeated with the remaining supernatant until no further precipitation was visible. Ethanol concentrations and sample amounts are listed in Table 1 . After centrifugation, the precipitate was washed with ethanol, the remaining ethanol was evaporated at room temperature, and the samples were freeze-dried. For all experiments, levan was dissolved in distilled water on a magnetic stir plate. The samples were stored overnight in the refrigerator to ensure complete hydration of the polymers. All analyses described below were performed in triplicate at 20 °C unless otherwise noted.
Photometry
The specific extinction coefficient of levan was determined at 400 nm in a photometer (Helios Omega UV-vis spectrophotometer, Thermo Fisher Scientific Germany BV & Co KG, Germany). A standard curve with eight different concentrations was generated. was used with modification. An injection flow rate of 0.2 mL/min and a constant elution flow rate of 1 mL/min were used. The crossflow was reduced from 3 mL/min to 0.1 mL/min within the first 10 min of elution. Subsequently, the crossflow was kept constant at 0.1 mL/min for 15 min before being set to 0 mL/min. The separation was performed on 10 kDa regenerated cellulose membranes (Superon GmbH Germany) using a 50 mM NaNO3 solution as eluent. Data are representative of two measurements.
Concentration determination in aF4-MALLS experiments:
For low molecular weight levans (LevF, LevF F1 -F5, Lev4 F7), a RI detector was used for concentration determination. To compensate RI signal influencing pressure fluctuations, caused by the flow profile of the aF4 separation, the baseline of a water run was subtracted from the measurement signal. For levans with larger molecular sizes a UV detector at 400 nm was used for concentration determination. At this wavelength, the extinction is caused by light scattering and depends on the size of the levan. Therefore, the mean geometric radii were determined in the particle mode (no concentration signals needed for distribution analysis) and correlated with the extinction coefficients. This correlation was used to determine the concentration from the geometric radius, and the UV-signal for each volume slice during the aF4-MALLS UV measurement.
Analysis of MALLS data: ASTRA 6 software (Wyatt Technology, Germany) was used for data analysis. The molecular weight and the geometric radius were determined via a sphere model. For the determination of the radius of gyration, the Zimm, Debye and the Berry models were compared. After the evaluation of these different models, the MALLS data was analysed through a Debye model with a third order polynomial fit. All radii were determined in the concentration-independent particle mode. Only the last fractions of Lev4 showed a higher PDI value. Also, the first two fractions of LevF indicated a slightly broader size distribution compared to the other fractions.
The dispersity index, the molecular weight and the measured radii of levan samples and its fractions are listed in the supplementary data (Tab. S1).
AF4 MALLS Analysis -Determination of Geometric Radius, Radius of Gyration and Molecular Weight
Depending on the molecular size of the levan, UV or RI detection was used for concentration determination in the aF4-MALLS system. The RI detector measures the difference in refractive index between solvent and solution. Therefore, it is suitable for all substances that differ in refractive index from the solvent; however, it is not as sensitive as other concentration detectors. Moreover, the refractive index is temperature and pressure dependent (Munk, 1993) . For the quality of the aF4 separation and accurate concentration determination, the polymer concentration has opposite effects. The higher the concentration the worse the aF4 separation but the better the concentration signal. The low molecular weight levan could be effectively separated at higher polymer concentrations than the high molecular weight levan.
Therefore, the RI detector was suitable for the concentration determination of the low molecular weight levan. The UV detector was used for high molecular weight levans because they effectively scatter light and cause a strong UV signal at low levan concentrations. Therefore, the UV detector was superior to the RI detector in terms of high molecular weight levan concentration sensitivity. In addition, no baseline subtraction was needed to compensate for the pressure dependence as applied for the RI detector. The extinction coefficient changes with molecular size; therefore, a fit ( Fig. S8 supplementary data ; Eq. 13) between the geometric radius and the extinction coefficient was applied to avoid errors due to molecular size dependence: ε = 3.17*10 -6 Rgeo 2,23 13
Equation 13 enables to assess the polymer concentration from the geometric radius and the UV detector signal. Figure S9 Assuming a spherical molecular shape, the hydrodynamic radius can be determined by DLS or Equation 5. The comparison of RH,DLS and RH,visc (Fig. 4) allows to evaluate the data on their reliability since the hydrodynamic radius is determined either based on the particle motion detected by the DLS method or the intrinsic viscosity determined utilizing the viscometry, which are two independent experimental techniques. However, it should be considered that a high dispersity negatively affects the accuracy when determining the effective hydrodynamic radiusfrom DLS results. For the levan from G.
albidus, the values for the hydrodynamic radius from DLS and viscometry were found to be almost equal. In the molecular weight range between 10 7 Da and 5*10 8 Da (PDI:
1.2 -2.5), the radii differed by less than 5 percent suggesting a spherical molecular shape. Wolff et al. (2000) came to the same conclusion studying a high molecular weight inulin with a compact molecular structure. In their study, the difference between the hydrodynamic radius from DLS (108 nm) and viscometry (109 nm) of the β-2,1 linked fructan was only 1 nm. The deviation between both radii of the G. albidus levan were larger below 10 7 Da (PDI: 2.0 -8.1). This can be explained by a less compact molecular structure and an increased PDI for these fractions. The largest deviations between hydrodynamic radius from DLS and viscometry were found in the samples with the highest PDI (LevF, PDI: 19.9 and Lev4 F7, PDI 31.1).
The shape of a polymer can be estimated from the quotient of the radius of gyration and hydrodynamic radius from DLS (RG/RH,DLS) or radius of gyration and hydrodynamic radius from viscometry (RG/RH,visc). By replacing the radius of gyration with the geometric radius, Rgeo/RH,DLS and Rgeo/RH,visc is obtained. These quotients allow differentiation between compact spherical and the less dense random coil structures.
The theoretical value for a compact sphere is 1 for Rgeo/RH and 0.775 for RG/RH. In ). In our study, in addition to νG the geometric radius was plotted as a function of the molecular weight to calculate the hydrodynamic coefficient (νgeo) for the levans produced from G. albidus because Rgeo = RH was accurate, and the sphere model was predictive over the whole molecular weight range tested (Fig. 6) . Therefore, we assumed that νgeo can be interpreted as νG. For molecular weights up to 10 8 Da, both coefficients were largely in agreement with slightly higher values for νG. Above weight range using aF4-MALLS. In the lower molecular weight range, the νG values were slightly higher than those for the G. albidus levans in our study. While a similar decrease in νG with increasing molecular weight was observed in both studies. In the study mentioned above, the two levans with high molecular weights produced by Kozakia baliensis and Neoasaia chiangmaiensis showed a νG less than 0.33 (Jakob et al., 2013) . A similar low v was found for high molecular weight inulin (Wolff et al., 2000) .
The intrinsic viscosity of G. albidus levan and its fractions was found between 14 mL/g and 50 mL/g. These values are unusually low for polysaccharides, but they are consistent with literature values of levan ranging from 7 mL/g to 0. Other polysaccharides with less dense structure such as dextran or xanthan have intrinsic viscosities ranging from 100 mL/g to 50000 mL/g (Brunchi, Morariu, & Bercea, 2014; Masuelli, 2013). In addition, the exponent α in the Mark-Houwink-Sakurada plot ( Fig. 7A ; Eq. 11) is linked to the molecular structure. An α of 0.35 in the low molecular weight range (< 5.5*10 5 Da) suggested a compact random coil structure for levan. In the range between 10 6 to 10 8 Da, the intrinsic viscosity seemed to be largely independent of the molecular weight indicating a compact spherical polymer structure.
However, not enough data points were available for a detailed analysis of the MarkHouwink-Sakurada plot in this molecular weight range. The two outliers in this range could be attributed to the high dispersity of LevF and Lev4 F7. The two domains demonstrated by two different α values for the levan in our study has been previously described. Stivala and Zweig (1981) found a random coil structure (α = 0.67) for 10 4
Da to 8.9*10 4 Da and a spherical structure (α = 0.05) for 2.2*10 5 Da to 8.3*10 6 Da.
Bahary and Stivala (1978) also found two different regimes in the Mark-HouwinkSakurada plot of acid hydrolysed levan indicating a random coil structure at low molecular weights and a spherical shape at higher molecular weights. A slightly higher α (0.17) at molecular weights from 18.5*10 6 Da to 57.1*10 6 Da was found by . Similarly, the molecular structure of inulin was reported to change at A negative α could also be calculated by equation 12, since ν was found to be below 0.33 at molecular weights above 10 8 Da (Öttinger, 1996) . Therefore, a hydrodynamic coefficient smaller than 0.33 requires a negative Mark-Houwink-Sakurada exponent.
Only synthetically produced, highly ordered dendric macromolecules such as polyether dendrimers show the same molecular weight dependence for the intrinsic viscosity (Fréchet, 1994; Mourey et al., 1992) . In our study, the intrinsic viscosity increased with molecular weight, then reached its maximum and decreased with further increasing molecular weight. The decrease in intrinsic viscosity at high molecular weights also 
General Discussion
The results of the DLS, MALLS and viscosity measurements suggest that the G.
albidus levan conformation is divided into three areas. At low molecular weights (< 5.5*10 5 Da), the quotients of the radii, α and ν suggest a compact random coil structure.
In the intermediate region around 10 7 Da, a v of approximately 0.33 and a largely molecular weight independent intrinsic viscosity suggest a compact spherical structure.
This spherical shaped structure is retained at higher molecular weights (> 10 8 Da).
However, a ν < 0.33 and a negative α suggest an increasing sphere density with increasing molecular weight. Thus, instead of three conformation areas, a continuous transition may be assumed where a random coil-like structure transforms into a spherical polymer whose density increases with increasing molecular weight.
The reason for these conformational changes can be attributed to a higher density of intramolecular interactions at higher molecular weights. As the chain length increases, the number of intersegmental contacts and therefore, the number intramolecular weights has yet been reported.
Conclusions
The present study demonstrates the transformation of G. albidus levan from a compact random coil structure to a dense sphere with increasing molecular weight. Moreover, the structure of the spherical levan molecule became more and more compact with increasing molecular weight indicated by a decline in intrinsic viscosity with increasing molecular weight (M > 10 8 Da). The structure of a polysaccharide in solution determines its techno-functional properties. Therefore, the findings contribute to establishing the structure-function relationship of levan. Moreover, the results contribute to the mechanistic understanding for the potential use of levan in food, cosmetic and other industrial applications. However, the performance of levan in more complex food formulations is largely unknown. Therefore, the characterisation of levanprotein mixtures in dilute and concentrated systems with respect to molecular interactions, phase behaviour and macromolecular structure formations should be investigated in further studies. For this purpose, the second cross virial coefficient of levan and common food proteins can be characterized using membrane-osmometry to describe the molecular interactions of a binary system. Moreover, the impact of high molecular levan on rheological properties can be investigated in protein-rich systems to establish levan as a functional hydrocolloid of industrial relevance. B
